The significantly reduced wavelength and the reflective nature of EUV masks causes phase variations resulting from roughness on the mask to result in intensity variations when the wafer is out of focus. These variations should be understood and modeled to control LER and device yield. A typical approach to modeling the effects of roughness is to image many masks using a thin mask simulator. These images can then be statistically analyzed to get the speckle properties. A model already exists that can relate speckle contrast to LER. This paper presents a method to compute the speckle image intensity using a single convolution with the roughness. This can be used to compute speckle through focus quickly. The presented technique takes into account defocus and the illumination coherence. It can be applied to phase roughness and amplitude roughness (reflectivity variations). In addition to speed improvements, the convolution kernel provides insights into the interaction of the source mask and mask roughness showing that, depending on the illumination coherence and defocus, not all roughness frequencies are attenuated equally.
INTRODUCTION
In extreme-ultraviolet lithography the shift to a 13.5nm wavelength has resulted in the use of reflective masks and optics. This transition brings with it a new problem in lithography where the roughness of the mask and optics can significantly degrade the image performance by adding intensity variations at the wafer when there is defocus. When light hits the mask the light reflecting from the top of hills will travel a shorter distance than the light reflecting from the bottom of hills. This results in a phase difference proportional to twice the roughness. Additionally, the small wavelength means that roughness that would not have been significant at 193nm is now a significant phase effect. The phase variations will cause the intensity to vary when the wafer is not at focus.
Previous mathematical analysis of how mask roughness was provided by Beaurdry and Milster 1, 2 . The effect of roughness on image formation in EUV systems has been examined 3 and was found to have an impact on line edge roughness 4, 5 . Other experimental work 6 has found that the effect of mask roughness only significantly impacts LER above 500pm.
The standard method for examining the effect of roughness is to image a sample of roughness using a thin mask simulator. This simulator performs a convolution of the electric field at the mask with the point spread function of the imaging system, which considers defocus, to compute the electric field at the wafer. The field is then squared to get the intensity. Lastly, if the illumination is partially coherent this computation must be done for all source points since they are mutually incoherent. Taking the intensity is a non-linear operation so it is difficult to optimize. The method described in this paper is able to simplify this computation for small roughness by forcing the step of taking the intensity to be linear. The result is a formula that is able to compute speckle using a single convolution with the mask roughness.
MODEL DERIVATION

Derivation
Consider the electric field at the mask where the small height variations, H, in the mirror cause small phase variations and there are small reflectivity variations, A.
If we now consider the pupil function and a set of illumination angles corresponding to a source mask indicated by in the pupil we can write the electric field at the wafer as
For wavelength = 13.5 . If the wafer is a distance d out of focus would be
When we integrate over all the angles that the mask is being illuminated from (ie the entire source mask) we get
Substituting in the expression for and expanding 
Since is very small and the last term is goes as | | the last term can be ignored because it is much smaller than the other terms. With some reordering of operators this simplifies to
where ∬ = 1 as long as < which is generally the case in practice and
In equation (1) we can Taylor expand the exponential and take the first real and imaginary term to get ≈ ,
This result shows that under the approximation that | | ≪ 1 the speckle intensity can be given by a single convolution of the amplitude roughness or the phase roughness with the convolution kernels given by and , respectively.
Computing Contrast
In some cases it is enough simply to know the overall contrast of the speckle. Contrast is given by is the root mean square of the intensity and ̅ is the mean intensity. In this case it is possible to apply Parseval's Theorem to compute the contrast directly from the power spectrum of the roughness and functions K re and K im .
If only phase or amplitude roughness is considered or if the amplitude and phase roughness are entirely uncorrelated then the cross term of the square will cancel leaving just
PSD is the power spectral density which says how much of a particular frequency is present. A consequence of this is that it is no longer necessary to work with specific mask roughness images because the power spectrum of the mask is enough to characterize the spectrum of the speckle.
Limitations
Intensity needs to be real. Equation (7) might produce an intensity that is complex. The condition for intensity to have no imaginary component is that the convolution kernels from equation (8) and equation (9) are symmetric. This constraint along with the assumption made in Equation (1) gives three constraints on this method.
1. | | ≪ 1 so that the cross term in the intensity can be ignored 2. The convolution kernels must be symmetric so that intensity is real
In practice it is possible that even when these conditions are fulfilled the intensity calculated will have a small imaginary component. This component should be ignored since it is a result of numerical errors. It should also be remembered that this derivations applies only for a clear field. If the mask is patterned with lines or other features then there will be diffraction and the method will no longer apply exactly.
MODEL ANALYSIS
Accuracy
To test the accuracy of the method several mask roughness images were used that match AFM measurements of the surface of EUV masks. The roughness of these was approximately 100pm and the masks were 512px by 512px. These were then imaged using a thin mask simulator and using equation (7). NA = 0.3, λ = 13.5nm.
When the roughness of the mask was varied the difference between the actual image (as computed by the thin mask simulator) and the model diverges approximately quadratically as shown in Figure 1 . Figure 1 . This is the standard deviation of the error of all the points in the correct image minus the points in the image calculated with equation (7). The arrow indicates the range of actual masks. The error is quite low in that range. 
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